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I»oth«rmal operation of hot«rogoneously 
eatalyzad thraa phaao reactions 



This invention relates to a process and apparatus for 
the isotr.err.al operation of hetei ogeneo'js.ly catalyzed 
reactions involving at least three phases in the for^. 
of a gaseous phase, a liquid phase and a solid phase. 

The invention relates specifically to the operation of 
such reactions where at least one reactant is liquid 
and one is gaseous and where the catalyst is a solid 
material . 

The operation of such reactions is asj^ociated with 
appreciable difficulties. The gas-liquid transfer is 
frequently problematical. Moreover, isothermal 
conditions are difficult to achieve, isothernal being 
used in the sense that the heat of reaction is 
substantially evened out by input or removal of heat, 
so that temporal or local temperature fluctuations in 
the reactor are of no consequence. 

Established processes are described in G. Eigenberger, 
Ullmann, 5th edition, vol. 4, P- 199ff. (1952) 
Wiley-VCH, Weinheim, Berlin, New York. 

EP-B 0 305 203 (US-A 4 9B5 230) describes the operation 
of heterogeneously catalyzed reactions under 
nonadiabatic conditions. To this end, a reactor with 
heat-transmitting walls is packed with monolithic 
catalysts. A monolithic catalyst is a coherent solid 
having a sufficiently large catalytic surCace area that 
countable am.ounts of these bodies will suffice for 
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catalyzing the reaction in question to ar. industrxa^.y 
sensible extent. The rr.onolxth.c catalysts have channels 
w^ic- are angled relative to the overall flow 
direction, sc that the reaction fluid is routed at an 
ancle from one reactor wall to the other, which 
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acute 



.3 said 'to improve the heat transfer. The shearing 
stress exerted on the reaction fluid is extrerr,ely high 
(high aressure drop) in reactor wall vicinity and 
otherwise rather low (poor rr.ass transfer). This leads 
10 to unnecessarily large pressure drops m wall vicinity. 
The reactor is complicated to fabricate., since the 
pressure drop depends decisively on the geometry 
between reactor wall and monolithic catalyrt. 

EP-B 0 201 614 (US-A 4 731 229) describes a reactor 
containing partly corrugated taoe-form catalyst bodies 
wv^ose corrugation is disposed at an inclination to the 
main flow axis and oppositely directed in adjacent 
plates, the pitch of the corrugation of the catalyst 
20 body being less than the pitch of the adjacent 
corrugated plates and the surface area of the catalyst 
body being larger than the surface area cf an adjacent 
corrugated plate. This apparatus is not contemplated 
for generating gas-liquid dispersions. The complicated 
25 corrugation of the plates favors bypa.^s formation, 
inhibits eddying and thus compromises mas5.. transfer. In 
addition, the envisioned compact packing elem.ent does 
not provide for effective removal of the heat of 
reaction . 

EP-B 0 068 862 (CA-A 1 146 148) discloses a fixed bed 
reactor for transfer reactions between gas phase and 
liquid. in this reactor, the fixed bed comprises 
alternating layers of plane and corrugated sheets 
35 coiled together to form a roll, the corrugated sheet 
comprising an open ir.esh material with at least an outer 
surface layer consisting of a high molecular weight 



90: 0 Zr-*7L 00. ZO/92 



30 



3 D.Z. CC5C/5C487 

organic polj^ic substance which will^ inherently 
hydrophobic with respect to the Uquid rr.Pntioned, and 
the plane sheet corr.prising knitted, woven or felted 
cloth of a textile wickmg r.ateria' which is 
5 hydrophilic with respect to the liquid or the gas- 
liquid transfer react-.cn and which will provide an 
uninterrupted wicking path between the ends of the roll 
for the liquid mentioned. The disadvantage with this 
type of reactor is that the textile constituents of the 

10 reactor lirrat the cress-sectional flow velocities. The 
wicking path, T.orecver, inhibits rapid liquid 
transport, thus favors the separation between gas and 
liquid and inhibits the mass transfer between gas and 
liquid. Besides, the reactor is intended for adiabatic 

15 operation. 

It is an object of the present invention to provide 
apparatus and a process for carrying out reactions 
involving a liquid phase, a gaseous phase and a solid 
20 phase with ijiproved mass transfer between gas phase and 
liquid and with isothermal processing. 

We have found that this ob:ect is achieved by apparatus 
for carrying out reactions involving a gaseous phase, a 
25 liquid phase and a solid phase, comprising 

- a dispersing element for dispersing a gas phase 
in a liquid phase to generate a reaction fluid. 



35 



- at least one reactor which possesses an inlet, 
an outlet and a reactor space bounded by heat- 
removing walls which are spaced apart 
substantially uniformly along the main flow 
axis of the reaction fluid, and which is fitted 
with catalyst-coated metal fabric, and 
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a re—line which routes the ^tion fluid 
fron the aispersing element ^.o the reactor 
inlet and is sufficiently short thdt the degree 
of dispersion of the reaction fl'^nd does not 
5 substantially change in the co;;r5e of the 

passage through the feed line. 

The inventcrs have deterir.ined that i.^proved mass 
transfer can only te obtained if the reaction fluid is 

10 a dispersion forn^.ed fron the gas phase (as disperse 
phase) and the liquid (as dispersion rr.edium) and the 
process anc apparatus are designed in such a way that 
the dispersion, as it passes through the reactor, 
remains stable, ie. substantially no increase in bubble 

15 size occi;irs. 

The reactor of the invention is designed for 
maintaining a high but uniform shearing stress on the 
reaction fluid. On the one hand, it will withstand a 

20 high cross-sectional flow velocity without attrition of 
the catalyst. On the other, the reaction fluid is 
exposed to a uniformly high shearing stress in the 
metal fabric. This provides for uniform mixing of the 
reaction fluid and hence for a constant degree of 

25 dispersion of the reaction fluid as it passes through 
the reactor. 

The catalyst-coated metal fabric of the invention is a 
woven or knitted metal fabric. The wire diameter is 
30 generally in the range from 0.01 to 5.0 rm, preferably 
from 0.04 to 1.0 mm. The mesh size may be varied within 
wide limits. 

These wovens or knits nay be coated by the process 
35 described in Z9-B 0 564 830 (CA-A 2 090 930) or 
EP-A 0 965 384. EP-B 0 564 83C does not expressly 
describe the coating of m.etal knits with catalyst, but 
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they shal 




treated in the same wa 




woven metal 



fabrics. For the purposes of the present invention, 
knitted metal fabrics are metal fabrics formed from one 
continuous metal thread. Woven m.etal fabrics, in 
5 contrast, are fabrics formed from, at least two m.etal 
threads . 

The coating of woven or knitted metal fabrics with 
catalysts may also be effected by ccnventional dip 
10 processes, for example according to the process 
described in EP-A 0 056 ^i35. 

If the m.etal forming the woven or knitted metal fabric 
is itself catalyt ically active (possibly after a 
15 treatm.ent;, coating may be dispensed w;th entirely. 

Woven or knitted m^etal fabrics m.ay be used in the form, 
of tapes. The catalyst-coated woven and knitted metal 
fabrics m.ay be corrugated by means of a toothed wheel 

20 roll. The introduction of corrugated woven or knitted 
metal fabric m the reactor makes it possible to alter 
the packing density of the woven or knitted metal 
fabric. For instance, a plurality of layers of 
corrugated and sm.ooth woven or knitted metal fabric may 

25 be introduced into the reactor space. Similarly, inert 
metal sheets may be inserted between layers of woven 
and knitted metal fabric. In any event, the catalyst- 
coated woven or knitted m.etal fabrics must be 
introduced m such a way that the reactor space is very 

50 uniformly packed between the heat-conducting walls. 
Uniform packing suppresses bypass formation and 
supports the conduction of heat to the heat-removing 
reactor walls, which in turn enable the reaction to be 
carried out under isotherm.al conditions. 



In a further embodiment, the dispersing elem.ent is a 
liquid jet gas compressor. These conventional 
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dispersing 




ns 



are 



pumps 



for 



■nveylng and 



compressing gases . 

In ^et purps, the ]et of driving liquid breaks upi into 
5 individual droplets on exit froT the driving nozzle. 
These droplets become uniformly distributed across the 
cross section of the m.ixmg nozzle, entrain ambient gas 
by impact and friction and compress it to a higher 
pressure. The attainable degree of dispersion is 
10 determined by the setting of driving nozzle and 
diffuser. This in turn depends on the pressure of the 
driving liquid, the suction pressure, the 
counterpressure, the flow of driving liquid, the gas 
suction stream, and the mixture stream. 



In a further embodiment of the apparatus according to 
the invention, the reactor is constructed as a heat 
exchanger. The transmission of heat throuqh the reactor 
wall is decisively increased when a fluid medium on the 

20 reactor wall surface facing away from the reactor space 
takes up the heat of reaction and carries it away. Such 
a heat exchanger reactor can be constructed as a plate 
type heat exchanger or as a spiral type heat exchanger. 
A plate type heat exchanger reactor according to the 

25 invention has an in particular square or rectangular 
reactor space which is subdivided by additional heat- 
conducting wails which force the reaction fluid to take 
a zigzag course through the reactor spare. Where the 
change of direction is greatest no catalyst-coated 

30 woven or knitted metal fabric is used in order that an 
excessively large pressure drop m\ay be avoided. A 
spiral type heat exchanger reactor according to the 
invention has an in particular cylindrical reactor 
space which is packed very uniformly with catalyst- 

35 coated woven or knitted m.etal fabrics. The wall spacing 
of the heat exchanger reactors of the invention is 
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preferably ^^^^ ^ to 30 mr., especially 2 to 2C rrjn, 

in particular frorr. 4 to IC r-jri. 

The invention further provides a proces? for carrying 
5 out reactions involving a gaseous phase, a liquid phase 
and a solid phase, which comprises the steps of 

generating a reaction fluid by dispersing a gas 
phase m a liquid phase, 

passing the generated reaction fluid through a 
10 reactor whose reactor space is fitted with woven 

or knitted metal fabrics coated with catalyst, 
transferring the heat of reaction at the walls 
which bound the reactor space, and 

separating the reaction fluid into gas phase and 
15 liquid phase . 

The separating of the reaction fluid may be effected 
using conventional separators. 



The process is preferably carried out with the overall 
20 direction of flow of reaction fluid in the reactor 
being upward. 



A further embodiment of the process according to the 
invention is operated with separate partial recycling 

25 of gas phase and/or liquid phase. By separate partial 
recycling is meant that the reaction product is 
separated from the gas phase and/or frcm the liquid 
phase. The remaining gas and the remaining liquid m.ay 
be completely or partially redispersed and fed back to 

30 the reactor. 



In a further embodiment of the process according to the 
invention, the superficial liquid velocity in the 
reactor is from 100 to 6C0 mV(m^-h), preferably from 
35 150 to 300 mV{m'*h). The superficial liquid velocity is 
the volume flow of the liquid fraction of the 
dispersion at the reaction conditions (pressure and 
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temperature 




vided by the crc3S-se 




area of the 



reactor space perpendicularly to the ma . n flow axis. 
Since, as a result of woven or knitted netal fabrics 
being introduced^ the reactor space is not available to 
the reaction fluid in its entirety, the actual 



correspondingly higher. 

In a further embodiment cf the process according to the 
10 invention, the superficial gas velocity is from 0.5 to 
15 CT./Sr preferably from 2.5 to "0 cm/s. The 
superficial gas velocity is herein definec: similarly to 
the superficial liquid velocity, 

15 In a further embodiment of the process according to the 
invention, the reaction fluid in the reactor is under a 
pressure of fromi 0.1 to 20C bar, preferably from^ 1 to 
100 bar, especially from 1 to 10 bar. 

20 In a further embodiment of the process according to the 
invention, the reaction fluid in the reactor has a 
temperature cf from 25 to 250''C, preferably from 25 to 
200°C, m particular from 50 to 150^*0. 

25 The invention will now be more particularly described 
with reference to Figures 1 to 4. 



microscopic 



superficial 



liquid 



velocity 



is 



30 



Fig. 1 shows an apparatus for a three phase 
reaction with product recycling, cycle gas 
operation using a liquid ]et gas compressor and a 
plate type heat exchanger reactor. 



35 



Fig. 2 shows an apparatus for a three phase 
reaction with product recycling, cycle gas 
operation using a liquid jet gas com.pressor and a 
spiral type heat exchanger reactor. 
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' Fig, .^^-lows a side view of the' 
spiral type heat exchar.ger reactor. 




terior of a 



Fig. 4 shows a side view of a spiral type heat 



5 



excna nger reactor. 



Figs. 1 and 2 show an apparatus which, the metal fabric 
20 supported catalyst in the reactor 1 having been 
activated (for exarr.ple, by reduction with Hz), is filled 
10 with product liquid by using the circulatjng pump 21 to 
punp the liquid from the separator 10 via the optional 
preheater 16 and the feed line to the liquid jet gas 
compressor 5 to the liquid jet gas compressor 6 and 
from there to the heat exchanger reactor 1 and fromi it 

15 via the feed line to the separator 9 back into the 
separator 10. Cycle gas is withdrawn from the separator 
10 via the feed line 11 and fed by m.eans of the cycle 
gas pump 13 via the feed line to the liquid jet gas 
compressor 8 to the liquid jet gas compressor 6, where 

20 the gas is compressed and simultaneously dispersed m 
the liquid to form the reaction mixture. A sufficiently 
short feed line to reactor 7 such that t.he degree of 
dispersion of the reaction fluid does not substantially 
alter over this distance is used to feed the reaction 

25 fluid into the reactor 1. Once the circulation has been 
started up with product, the feed line to the liquid 
jet gas compressor 4 is used to introduce reactant, and 
a constant fill level system cn the separator 10 is 
used to withdraw a corresponding amount of product from 

30 the liquid circulation via the discharge line 14, Fresh 
gas to replace the reaction gas consum.ed is fed into 
the gas circulation via the feed line to the liquid jet 
gas com.pressor 17, with the pressure being maintained, 
and off-gas is withdrawn from the gas circulation via 

35 the off-gas line 12. In the case of exothermic 
reactions the heat of reaction is removed from the 
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reactor vi 




,e cooling circulation sys 



22, whil 



the case of encictherrr,ic reactions it is inrroduced. 

Fig. 3 shows a side view of a spiral type heat 
5 exchanger reactor according to the invention. 31 
identifies the feed for the reaction fluid into the 
reactor (reactor inlet). 32 identifies the reactor 
passage which will receive the catalyst-coated metal 
fabric, which will take up the entire space in rr.ore or 
10 less cense packing. 33 identifies the cooling passage, 
which is to receive the cooling fluid. 

Fig. 4 is a side view of a spiral type heat exchanger 
reactor and identifies the arrangement of the feed and 

15 discharge stubs. 41: reaction fluid feed (reactor 
inlet), 42: cooling fluid discharge, 43: reaction fluid 
discharge (reactor outlet), 44: cooling fluid feed. 
Reaction fluid and cooling fluid are herf? arranged in 
countercurrent in order that the heat transfer may be 

20 maximized. If the amount of heat released at the 
reactor inlet specifically is critical with regard to, 
for exam.ple, selectivity and catalyst stability, then a 
cocurrent arrangement is advisable. 

25 The example hereinbelow illustrates the invention. 



The hydrogenat ion of benzene to cyclohexane has an 

30 exotherm of AH = -214 kJ/mol . 

The benzene hydrogenat ion product equilibrates to 
between cyclohexane and m.ethylcyclopentane, unless the 
heat of reaction is remioved and a relatively low 
temperature is m.ainta ined , 

35 Studies have also shown that the reaction is substrate- 
lim.ited in that the low solubility of hydrogen in 
benzene and cyclohexane causes the reaction mixture to 
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deplete m ^^clved H2 along the catal^^^layer . It is 

therefore ao^ntageoas to use the invention to i.T\prove 
the supply of di3sclved hydrogen. 

The benzene hydrogenat ion process is carried out using 
5 an inventive apparatus as per Fig. 2, comprising a 
spiral type heat exchanger reactor as per Figures 3 and 
4. To this end, the reactor passage 5 mrr. in width, 
25 mrr. in depth and 96C rrjn in length (volure 120 nl ) was 
packed with 8 plies of knitted catalyst fabric tape 

10 prepared by first heat-treating a knitted support tape 
cf V2A stainless steel (Gerr.an material nurr.ber 1,4301) 
at eSO^C for 3 h and then vacuum-coating it with 6 nm 
of platinum. The amount of active component was 46 mg. 
The catalyst-packed heat exchanger reactor was 

15 installed in the apparatus depicted in Fig. 3. After 
purging with nitrogen and reduction cf the catalyst 
with hydrogen at BC^C for 2 h, benzene was pumped via 
the feed line 4 into the cyclohexane- i 1 led liquid 
circulation system. The reaction parameters were 

20 p = 2C bar, T = 9C°C and a superficial liquid and 
hydrogen velocity of 400 mVm^h. 

The temperature of the reactior^ product was measured at 
the reactor outlet. A m.aximum temperature difference of 
0.2°C was observed relative to the reaction temperature 
25 setting. 

A selectivity of 100% was obtained with 98% conversion. 
The space-tim,e yield based on the volume of the reactor 
passage was 0.5 kg/(l-h). 
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